Recent studies have revealed a variety of left-right asymmetries among vertebrates and invertebrates. In many species, left-and right-lateralized individuals coexist, but in unequal numbers ('populationlevel' lateralization). It has been argued that brain lateralization increases individual efficiency (e.g. avoiding unnecessary duplication of neural circuitry and reducing interference between functions), thus counteracting the ecological disadvantages of lateral biases in behaviour (making individual behaviour more predictable to other organisms). However, individual efficiency does not require a definite proportion of left-and right-lateralized individuals. Thus, such arguments do not explain population-level lateralization. We have previously shown that, in the context of prey-predator interactions, population-level lateralization can arise as an evolutionarily stable strategy when individually asymmetrical organisms must coordinate their behaviour with that of other asymmetrical organisms. Here, we extend our model showing that populations consisting of left-and right-lateralized individuals in unequal numbers can be evolutionarily stable, based solely on strategic factors arising from the balance between antagonistic (competitive) and synergistic (cooperative) interactions.
INTRODUCTION
Left-right asymmetries in brain and behaviour, once believed to be uniquely human, have now been established in many vertebrates (Rogers & Andrew 2002; Vallortigara & Rogers 2005 ) and in invertebrates (Pascual et al. 2004 ; Letzkus et al. 2006 Letzkus et al. , 2007 Rogers & Vallortigara 2008) , suggesting that lateralization contributes significantly to biological fitness. Lateralized animals have been shown to outperform nonlateralized ones in many circumstances ( Fabre-Thorpe et al. 1993; McGrew & Marchant 1999 ; Gü ntü rkü n et al. 2000; Rogers et al. 2004) , and researchers agree that a lateralized brain may confer several advantages: sparing neural tissue by avoiding duplication of functions in the two hemispheres ( Levy 1977) ; processing information in parallel (Rogers 2002; Rogers et al. 2004) ; and preventing the simultaneous initiation of incompatible responses by allowing one hemisphere to have control over actions (especially in animals with laterally placed sensory organs, Andrew 1991; Vallortigara 2000) .
One intriguing aspect of lateralization, however, cannot be explained by arguing that lateralized brains are more efficient. The direction of lateralization, in fact, is usually aligned at the population level, with 60-90% of individuals showing the same direction of bias (depending on species and behaviour considered, see Previc (1991) and Vallortigara & Rogers (2005) , for humans). Individual efficiency does not require an alignment of lateralization at the population level, and does not explain why a minority of individuals lateralized in the other direction almost always exists (e.g. hand use in humans). One could argue that population-level lateralization is a mere by-product of genetic expression, but it has been proved that selection for the strength of lateralization does not necessarily favour one direction of lateralization over the other (e.g. Collins 1985) .
Two explanations (not mutually exclusive) have been proposed for the evolution of population-level asymmetries. Some genetic models of human handedness (McManus 1999; Annett 2002) posit one or more 'directional' (D) alleles that cause right-handedness, and one or more 'chance' (C) alleles that cause left-or right-handedness at random. A population with a majority of right-handers and a minority of left-handers can be maintained, in these models, if DC genotypes have higher fitness than CC and DD genotypes (heterozygotic advantage), for instance, if intermediate levels of brain asymmetry are superior to both extreme asymmetry and symmetry (Corballis 2006) . Suggested disadvantages of CC and DD homozygotes include impairments in spatial, verbal and other cognitive abilities (Annett 2002; Barnett & Corballis 2002; McManus 2002) .
The second suggested explanation is that the population structure of lateralization may reflect, not a balance between symmetry and asymmetry, but an evolutionarily stable strategy that can arise when individually asymmetrical organisms must coordinate their behaviour with that of other asymmetrical organisms ( Vallortigara & Rogers 2005 ). This hypothesis recognizes that brain asymmetries manifest themselves in behaviour, and thus may have fitness consequences in interactions with other organisms. For instance, vigilance behaviour and escape responses elicited by predators often show lateral biases (Lippolis et al. 2002 (Lippolis et al. , 2005 Vallortigara & Rogers 2005) . We have studied this idea in a game-theoretical model considering group-living prey subjected to predation (Ghirlanda & Vallortigara 2004; Vallortigara 2006) . We assumed first that lateralization influences the direction of escape from predators. We then considered two contrasting selection pressures on lateralization. On one hand, individuals in large groups have a lesser risk of being targeted by predators (the so-called 'dilution' of predation risk, Foster & Treherne 1981) . This favours individuals who tend to escape in the same direction as the majority, thus promoting the same direction of lateralization across the whole population. On the other hand, given that predators may learn to anticipate prey escape strategies, individuals who escape in a different direction from the majority may surprise predators and survive predation attempts more often. This tends to favour populations in which left-and right-lateralized individuals are equally common.
We showed that, in this model, population-level lateralization can emerge provided that none of the two selection pressures is much stronger than the other. According to this view, the evolution of brain lateralization would have occurred in two steps: first, individuals became lateralized because of advantages from increased brain efficiency (e.g. Rogers et al. 2004) ; and second, individually lateralized organisms aligned the direction of their asymmetries when they started to interact to each other in ways that made their asymmetry relevant to each other's behaviour (e.g. in fishes shoaling, . Here, we investigate whether a similar scenario could hold when selection pressures on lateralization arise purely from intraspecific interactions of competition and cooperation, rather than interspecific preypredator interactions.
MODEL
We study the influence on lateralization of purely intraspecific interactions using a similar modelling strategy as Ghirlanda & Vallortigara (2004) . We assume that individuals engage in both antagonistic (competitive) and synergistic (cooperative) interactions. An individual's pay-off depends on its success in interactions, which is a function of how common its lateralization is in the population. Synergistic activities tend to favour individuals with the same lateralization (they can, for instance, have an easier time coordinating physical activities, use efficiently the same tools, etc.). Antagonistic activities, on the other hand, tend to favour individuals different from the majority. The reason is similar to the one mentioned above for predation: minority-type individuals will be able to surprise opponents, adopting behaviours to which opponents are less accustomed. For example, it has been argued that human left-handers may hold an advantage in fighting, or in more recent times in certain sporting activities, but only so long as they remain in the minority (Raymond et al. 1996) . Thus, if only synergistic interactions were present, the population would be composed entirely of individuals with the same lateralization. If only antagonistic interactions were present, the population would be composed of left-and right-lateralized individuals in proportion of one-half. We want to study whether, when both kinds of interactions exist, it is possible to maintain a population in which left-and right-lateralized individuals coexist in a proportion different from one-half, and how such a situation is influenced by model parameters.
Let x be the proportion of left-lateralized individuals in the population. We write the fitness f (x) of such an individual as the sum of a term accounting for antagonistic interactions (a) and one-term accounting for synergistic interactions (s) f ðxÞ Z aðxÞ C csðxÞ;
ð2:1Þ
where the parameter c weights the relative importance of the two kinds of interactions. We use the following forms for a(x) and s(x) aðxÞ Z expðKk a xÞ; ð2:2Þ sðxÞ Z 1KexpðKk s xÞ; ð2:3Þ
where k a and k s are positive parameters. In keeping with our assumptions, a(x) decreases with the proportion of individuals with the same lateralization, while s(x) increases (figure 1). We have chosen an exponential shape because it is often a good approximation to actual learning curves, that is, how performance on a given task increases as a function of increasing experience with that task (Mackintosh 1974; Pearce 1997) . In figure 1 , parameter values are chosen so that k a Ok s (in particular k a Z5, k s Z1). This means that a(x) decreases more rapidly than s(x) increases; i.e. the fitness contribution of antagonistic interactions varies more quickly with strategy frequency than the fitness contribution of synergistic interactions. The fraction of right-lateralized individuals in the population is 1Kx. Since we are not assuming any intrinsic advantage of being left-or right-lateralized, the fitness of these individuals is f ð1KxÞ Z að1KxÞ C csð1KxÞ: Likewise, a decrease in left-lateralized individuals should result in these individuals having a higher fitness
We show in the appendix that these conditions are equivalent to the following condition on the derivative
Combining this condition with the equilibrium condition (2.6) we can look for evolutionary equilibria and assess their stability. We also need to check whether populations composed entirely of left-or right-lateralized individuals are stable, corresponding to the conditions, respectively f ð0ÞO f ð1Þ; ð2:9Þ f ð1ÞO f ð0Þ: ð2:10Þ
We have performed this analysis by a mixture of analytical and numerical methods, as detailed in appendix A.
RESULTS
We study the model varying the relative importance, c, of synergistic and antagonistic interactions. The nature of the equilibria depends on the relationship between the parameters k a and k s . If k a Ok s the situation is similar to that found by Ghirlanda & Vallortigara (2004) in interspecific prey-predator interactions (figure 2). There exists a value of c,c, below which x Ã Z1/2 is the only stable solution. In such a situation, synergistic interactions are too weak to cause a departure from the strategic equilibrium favoured by antagonistic interactions. Similarly, there exists a value of c, c, above which x Ã Z1/2 is unstable while x Ã Z0 and x Ã Z1 are both stable, corresponding to populations with only left-or right-lateralized individuals. Here synergistic interactions dominate, determining completely the population structure of lateralization. Finally, there is a range of c-values in betweenc and c where two values of x different from one-half are stable equilibria, corresponding to populations in which leftand right-lateralized individuals coexist but are not equally common. This is the situation we observe in humans and many other vertebrates. The range of c-values in which this situation occurs expands as k a increases with respect to k s .
If k a %k s , we still have that for small c, x Ã Z1/2 is stable and that for large c, x Coexistence between left-and right-handers is not possible; rather x Ã Z1/2, x Ã Z0 and x Ã Z1 are all stable. In this case, synergistic interactions are strong enough to stabilize a monomorphic population, but not strong enough to destabilize a population with 50 per cent right-and left-handers. In summary, existence of lateralized populations requires in our model that The evolution of lateralization S. Ghirlanda et al. 863 k a Ok s , meaning that the graph of a(x) must be steeper than the graph of s(x) (figure 1; see below for interpretations).
DISCUSSION
Our model demonstrates that populations consisting of left-and right-type individuals in unequal numbers can be evolutionary stable based solely on strategic factors arising from intraspecific interactions. The model makes several testable predictions. An important prediction is that the frequency of the minority type depends on the balance between the fitness contributions of antagonistic versus synergistic interactions. When antagonistic interactions are more important for individuals' fitness, we expect the minority type to be more common. Likewise, when synergistic interactions are more important, we expect the minority type to be less common. To evaluate this prediction, we need data from populations that differ in the balance between antagonistic and synergistic interactions but are otherwise as similar as possible. One possibility is to compare different human groups. Faurie & Raymond (2005) provide data in agreement with our model, showing that the frequency of left-handers in eight traditional societies is strongly correlated with the rate of homicides, ranging approximately between 5 and 25 per cent as the adult homicide rate ranges between 0.01 to more than 1 per 1000 individuals per year. Another source of evidence may be comparative studies of related species. For instance, it is currently debated whether lateralization is more pronounced in humans than in non-human primates. This seems unlikely for cerebral lateralization in general ( Vallortigara et al. 1999) , but it could hold for certain forms of behavioural lateralization, such as handedness (Rogers 2007 ; and see Andrew et al. (2000) for the general issue of lateralization of non-bilateral effectors). Wild chimpanzees show population-level handedness for tool use ( Lonsdorf & Hopkins 2005 ), but apparently not so strongly as humans do (Annett 2006) . The fact that synergistic interactions are more important in humans (e.g. Jensen et al. 2007 ) may explain why we are more strongly lateralized at the population level.
Another prediction concerns the fact that the model allows for population-level lateralization only when the condition k a Ok s is met (see §3 and appendix A). That is, when the frequency of majority-and minority-type individuals varies, the fitness contribution of antagonistic interactions should vary more quickly than the fitness contribution of synergistic interactions. From the point of view of selective pressures, this prediction means that minority-type individuals should lose their advantage in antagonistic interactions very quickly as they become more common, more quickly than they gain an advantage in synergistic interactions. From a behavioural point of view, this corresponds to the fact that individuals should learn quickly how to contrast minority-type individuals in antagonistic interactions, while they should learn more slowly how to cooperate with them in synergistic interactions. This prediction can be put to empirical test (perhaps in experimental populations in the laboratory), but presently, we are not aware of any direct evidence in favour or against it.
In conclusion, we have extended previous results on interspecific interactions to intraspecific interactions, reinforcing the view that strategic factors may have been a powerful force in the evolution of lateralization. We have considered a purely strategic model for simplicity, but future research should also consider how strategic factors interact with other potential determinants of lateralization, such as neurophysiological constraints, the genetic mechanisms of lateralization, and especially in humans, traditions and culture (Laland et al. 1995) .
APPENDIX A A.1 Stability condition (equation (2.8 ))
A first order Taylor expansion of equation (2.6) yields
Dropping terms of higher order in E and using the equilibrium condition f (x Ã )Zf (1Kx Ã ) (equation (2.5)), we obtain equation (2.8). A similar argument shows that equation (2.7) is also equivalent to equation (2.8). Given that f (x)Za(x)Ccs(x), equation (2.8) can be written as obtained from equation (A 2) using equations (2.1) and (2.2). The fixed point theorem (Granas & Dugundji 2003) guarantees that a solution for this recursion exists. The two methods typically produced the same answer, but for some parameter values one or the other method would not converge to a solution. We then used the value obtained by the other method.
